Introduction
Learning new associations is a critical cognitive capability that enables function in day-to-day life. Associative memory involves the accurate encoding and subsequent retrieval of simultaneous presentations of two (or more) details (e.g., remembering that this face was associated with that name). Hebbian learning principles suggest that such associations are learned when ensembles of neurons work together, or wire together, through neural mechanisms such as long-term-potentiation (LTP; Hebb, 1949) . Intriguingly, evidence suggests that transcranial direct current stimulation (tDCS) invokes such neural mechanisms in stimulated cortex (Nitsche and Paulus, 2000; Rioult-Pedotti et al., 1998) . For instance, prior work has shown that glutamine/glutamate increases in brain regions beneath the stimulating electrode (Clark et al., 2011) , whereas inhibitory gamma-aminobutyric acid (GABA) decreases (Stagg et al., 2009) . Increased glutamate and decreased GABA have been linked with LTP and promote learning and memory (FloyerLea et al., 2006; Lynch et al., 1990) . Altogether, these lines of work suggests that tDCS may be suited to improve associative memory. tDCS works by passing a small electrical current through the scalp, which in turn influences brain excitability. Effects of tDCS include both immediate and delayed effects on neuronal function (Liebetanz et al., 2002; M.A. Nitsche et al., 2003; M. Nitsche et al., 2003; Nitsche et al., 2004; Stagg and Nitsche, 2011) : the immediate effects occur during stimulation itself, and the delayed effects persist for hours or days after stimulation has ceased (Flöel et al., 2012; Parikh and Cole, 2014; Park et al., 2014) . In this study, we examined both immediate and delayed effects of tDCS on associative memory.
Two common methods for assessing associative memory are recognition and cued recall tests. In recognition tests, participants are shown item pairs and asked to judge whether the same items were paired together during study. In cued recall tests, participants are given a cue (e.g., a face) and asked to produce the item that was paired with that cue (e.g., name). Both tests evaluate associative memory, although they differ in several ways. Successful recall relies on participants' use of recollection processes (Yonelinas, 2002) . This is in contrast to recognition tests where participants can rely on two types of memory processes to perform well: they can recollect the studied pair, or they can rely on familiarity (whether it feels familiar that both items were presented together; Yonelinas et al., 1999) . Although some studies have demonstrated stimulation-induced memory improvements as measured by recognition (Boggio et al., 2009; Chi et al., 2010; Gray et al., 2015; Jacobson et al., 2012; Pergolizzi and Chua, 2016; Pisoni et al., 2015a) , others have found no improvements (Chen et al., 2016; Hammer et al., 2011; Matzen et al., 2015) , or even reduced performance relative to sham (Pergolizzi and Chua, 2015; Zwissler et al., 2014) . Fewer studies have used recall tests to measure stimulation effects on memory (Elmer et al., 2009; Jones et al., 2014; Marshall et al., 2004; Nikolin et al., 2015; Penolazzi et al., 2010; Pisoni et al., 2015b) . Importantly, only one study has examined stimulation effects on associative memory via both memory tests (Matzen et al., 2015) . That study found that stimulation led to improved associative memory as measured by recall, but not recognition, suggesting that even within the same study, memory effects may be evident only under some testing conditions, specifically those that rely on recollection. The fact that only recall improved under active stimulation in Matzen (2015) suggests that stimulation supports memory by enhancing recollection processes, and that in recognition tests, memory improvements induced by tDCS are harder to detect. Indeed, recent work suggests that memory improvement from stimulation may only be evident under more difficult test conditions such as those that assess recollection of specific details (such as font color in which an item was presented; Gray et al., 2015) as compared to easier old/new recognition tests. Further, Matzen et al. (2015) only tested the immediate effects of stimulation on memory, thus it is unknown whether delayed effects of tDCS are present in recall after a period of consolidation. This is important since recent work suggests that tDCS might be especially suited to improve memory after a period of consolidation in the order of a few hours up to a day (Au et al., 2017) . Given these findings, the current study was devised to investigate the delayed effects of tDCS on associative memory. To date no single study has examined how both associative recall and recognition might be influenced by immediate and delayed effects of tDCS (though see Flöel et al., 2008 for immediate/delayed effects in a language learning paradigm).
An important factor in measuring stimulation effects on memory is stimulation location. Neuroimaging evidence suggests that successful face-name encoding relies on sets of regions including the left inferior frontal gyrus (IFG; Sperling et al., 2003) . Our prior work showed that stimulation over this region improved associative recall (Matzen et al., 2015) . However, abundant evidence provides strong support that another prefrontal region, the left dorsolateral prefrontal cortex (dlPFC), is also important for associative encoding (not just face-name associations; Blumenfeld et al., 2011; Murray and Ranganath, 2007) . Importantly, this prior research suggests that dlPFC plays a role in processing the relationship between simultaneously presented items (such as a face and a name), which in turn leads to improved subsequent associative memory. In the present experiment, participants received active or sham stimulation over the left dlPFC while they studied facename pairs. Because there are delayed effects of stimulation (e.g., effects that persist after stimulation ceases), tDCS of the dlPFC may also improve associative memory another way. Research suggests dlPFC plays a role in the strategic (or controlled) search through memory stores when making retrieval judgments. For example, in demanding retrieval tasks where participants are asked to remember certain details (a criterial detail such as in which font a word was presented, or which name was associated with a face) a controlled search for this information in memory promotes performance, and evidence suggests that dlPFC subserves this type of controlled search (Blumenfeld et al., 2011; Ranganath, 2010) . Although we only stimulate dlPFC at encoding in this study, delayed effects of stimulation on dlPFC may also improve memory by enhancing the strategic search through memory at the time of test. Indeed, prior tDCS studies on memory have stimulated dlPFC either at encoding (Elmer et al., 2009; Hammer et al., 2011; ; Experiment 1, Javadi and Walsh, 2012; Manuel and Schnider, 2016; Nikolin et al., 2015; Zwissler et al., 2014) at retrieval (Experiment 2, or in the interval between encoding and retrieval (Gray et al., 2015) to enhance memory through these two different roles of the dlPFC. The present study adds to this work.
To more fully vet the effects of stimulation on memory in this study, half of the trials (face-name pairs) were presented only once, and half were presented twice. We did this to test whether stimulation effects would be larger for items presented twice relative to those presented once under active compared to sham stimulation. There is a prevailing assumption in the tDCS literature that greater duration of stimulation leads to larger behavioral effects (Bindman et al., 1964; Kalu et al., 2012; Nitsche and Paulus, 2000; Ohn et al., 2008) ; however, this assumption has not often been tested experimentally in the context of memory. If more stimulation leads to improved performance, then memory benefit for items presented twice (i.e., items that have been studied under "more" stimulation) compared to trials presented once, should be larger in magnitude under active compared to sham stimulation. Interestingly, there is a limited body of work that supports an alternate prediction: that memory for items presented once would show greater improvement than items presented twice under stimulation. Although not memory studies, this work suggests that stimulation induced behavioral improvement is evident on tasks where performance is initially low (Liang et al., 2014; Tseng et al., 2012; Zimerman et al., 2013) . This limited work implies that memory improvement might only be evident for items presented once relative to twice, since memory for items presented once is lower and thus has more room for improvement.
In this study, participants were stimulated while studying face name pairs presented either once or twice, under either active or sham stimulation. We assessed memory as measured by cued recall and associative recognition both immediately after study and after a delay of 24 h. We make three predictions. First, we expect that active stimulation will improve associative recall, consistent with prior results (Matzen et al., 2015) , and in support of the notion that stimulation at encoding strengthens memory representation leading to better subsequent recollection. Second, we do not anticipate seeing recognition improvement in active compared to sham stimulation in line with our prior work (Matzen et al., 2015) . Third, we expect to see improved recall on day two for active relative to sham stimulation, consistent with the notion that tDCS has both online and offline effects that influence memory. Finding memory effects that persist after a 24-h delay would support the idea that tDCS improves memory through delayed effects after a period of consolidation, consistent with recent work suggesting that tDCS effects on memory are evident after a delay (Au et al., 2017) .
Methods
Forty-two participants (active stimulation group mean age: 22.5, 15 females; sham stimulation group mean age: 20.6, 11 females), recruited from the University of Illinois at Chicago completed the experimental procedures. All participants were right handed, and none reported having body implants (i.e., pacemakers, cochlear, or metal implants), history of skull fractures, brain injury, previous brain surgery, epilepsy, or a family history of epilepsy. Participants with abrasions to the scalp at the time of the experiment were excluded. Participants received payment for their time. All participants gave their informed written consent as approved by the Institutional Review Board at the University of Illinois at Chicago.
Stimuli consisted of faces and names. We used 60 faces taken from the FACES database (Ebner et al., 2010) , and 60 names taken from the Social Security Administration list of common first names, as we have done before (Matzen et al., 2015) .
The experiment took place in two sessions over two days (one session each day). On day one, there were three phases of the experiment: a face-name study phase during which stimulation was applied, a cued recall test phase (not stimulated), and then a recognition memory phase (not stimulated; See Fig. 1 ). For all participants, the recall test always came before the recognition test. Stimulation was administered with ActivaTek ActivaDose II Controllers using saline soaked 11 cm 2 sponge electrodes (3.3 × 3.3 cm). In our double-blind procedure, participants were randomly assigned to receive either active or sham stimulation by a researcher who was not running participants. We used two constant current generators to administer either 1.5 mA (Active) or .1 mA (Sham). Both current generators were connected to a blinding box that allowed stimulation from only one stimulator to reach the participant.
2
The blinding box settings were unknown to the participant and the experimenter.
A current strength of .1 mA was chosen as the sham stimulation condition in order to induce physical sensations typically associated with tDCS without stimulating the cortical area beneath the anode. A study modeling electrical current indicates a current strength of less than .5 mA at the electrode size used in this experiment has no impact on brain activity in neural tissue 12 mm beneath the surface of the skin (Miranda et al., 2009) . Participants in our sham group received 20% of this current strength, making it unlikely that the .1 mA administered in our sham condition had a meaningful impact on brain function. A constant-current sham procedure was used because the traditional method of ramping up the current at the initiation of stimulation then ramping it back down (typically after 30 s) may not be an efficacious blinding method as sensations associated with active stimulation persist beyond this 30 s window (Dundas et al., 2007) . After preparing the electrode locations, the anodal electrode was positioned on the scalp at F3 (international 10-20 system), which is adjacent to the left dlPFC (Okamoto et al., 2004) . The cathodal electrode was positioned on the contralateral (right) upper arm. Stimulation (either active or sham) lasted exactly 25 min. After the electrodes were placed, but before stimulation was applied, participants were given instructions on the study, recall, and recognition phases of the experiment and then given a short practice for each phase. Immediately before stimulation was started, participants were given a mood questionnaire because some work suggests that active stimulation can influence mood (Barrett et al., 2004) . Participants rated on a 0 (not at all, strongly disagree) to 5 (very much so, strongly agree) scale how nervous, excited, tired, confused, sad, tense, dizzy, and nauseous, they were. This was the first administration (of two) of the mood questionnaire and served as the pretest mood measure. Immediately following the mood rating, we began stimulation and asked participants to sit quietly for 2 min to habituate to stimulation-induced sensations. Participants then completed a sensation questionnaire to rate the intensity of the sensations they were experiencing. Participants rated on a 1 (very mild) to 10 (extremely high) scale the amount of burning, tingling, itching, and fatigue they were experiencing. This was the first time (timepoint 0) of 5 times they gave these ratings. Each subsequent sensation rating was taken approximately every two and a half minutes between encoding blocks. The study would have been discontinued for any participant who reported a sensation of 7 or higher on any of these measures at any time. No participant did so. Exactly 4 min after stimulation started, participants began the study phase of the experiment.
There were five study blocks that lasted approximately two and a half minutes each. During study, participants viewed 60 face-name pairs on a computer monitor. Half of the face-name pairs were presented twice and half once. On each trial, participants viewed each face-name pair for 5 s. Participants then were given 3 s to indicate whether they thought the name "fit" the face, which is a procedure used before to ensure that participants attend to both the face and name (Matzen et al., 2015; Sperling et al., 2003) . Immediately after stimulation discontinued participants started the cued recall test.
During cued recall, participants were shown each of the 60 faces they saw at study (in a randomized order). On each trial, participants were asked to type in the name that was presented with that face at study. Participants typed "no" if they could not recollect the name. Cued recall was self-paced. Immediately following recall, participants completed the recognition task. During the recognition task, participants were shown 60 face-name pairs. On half the trials, participants were shown intact face-name pairs (i.e., the exact face-name pairs seen at study), whereas on the other half of the trials, participants were shown rearranged pairs (i.e., faces were presented with names that appeared with a different face at study). On each recognition trial, participants judged whether the pair was intact or rearranged, by pressing either the "1" or "2" button with their right index and middle finger, respectively. Recognition trials were self-paced. Immediately after the recognition test, participants completed the mood questionnaire a second time, which served as the posttest mood measure.
After taking the posttest mood measure, participants were asked to indicate whether they thought they were in the active or sham stimulation group, or if they could not tell the difference. 3 This question served as a check of our blinding procedure. This was the end of day one procedures. Participants then came back to the lab 24 h later, and completed the recall and recognition phases a second time (day two; not stimulated). The order of trials presented on day two were in a different randomized order than day one. For recognition, trials presented as an intact pair on day one were presented as rearranged pair on day two (and vice-versa).
Results
We present results for the recall, recognition, sensation, and mood measures. Memory performance is included in Table 1 2 The blinding box contained inputs for both positive and negative leads from two current generators, but importantly only had outputs (to the participant) from one of the generators (i.e., active or sham). A six-way switch coded by a researcher not involved in data collection dictated whether current from the sham or the active generator would pass to the participant. The input from the generator not actively supplying current to the participant were routed through a circuit loop in the blinding box.
presented face-name pairs), and day of memory test (day one or two). 4 We calculated two memory measures, one for recall and one for recognition. For recall, we calculated the percentage of names correctly produced in the cued recall task (misspelled names were counted as correct). For recognition, we calculated a corrected measure of memory, A′, which compares hits with the false alarm rates (For formula, see Snodgrass and Corwin, 1988) . Hit rates were defined as the proportion of intact trials participants successfully recognized, and false alarm rates were the proportion of rearranged trials incorrectly identified as intact.
To assess memory performance, we entered our respective recall and A′ (corrected recognition) measures into a 2 (Stimulation: Active vs. .11, and a Presentation effect, F(1, 40) = 77.13, p < .001, η p 2 = .66.
The interaction was not significant, F(1, 40) = .18, p = .67, η p 2 < .01.
The Stimulation effect was driven by better memory in the active (M = .27) versus sham (M = .19) condition, and the Presentation effect was due to better memory for items presented twice (M = .32) versus once (M = .14). For A′, our recognition measure, ANOVA results showed a main effect of Presentation, F(1, 39) = 42.47, p < .001, η p 2 = .52. The
Presentation effect was due to better memory performance for items presented twice (M = .85) versus those presented once (M = .76). No other effects or interactions were significant (Fs < 1.85, ps > .18). 5 As done with recall, we also examined recognition for day one only. A significant Presentation effect, F(1, 40) = 27.26, p < .001, η p 2 = .41, resulted from better memory for trials presented twice (M = .86) versus once (M = .76). The Stimulation effect and interaction were not significant, (Fs < .82, ps > .37). Mean sensation ratings are reported for each time point as a function of stimulation condition in Table 2 . Participants in the active stimulation group reported higher sensations than those in sham for itching, burning, and tingling measures at timepoints 0, 1 and 2 (ts > 2.45, ps < .02), and for the itching sensation at timepoint 3, t(40) = 2.26, p = .03. No differences for any measure were evident for timepoint 4, ts > 1.66, ps < .11, suggesting that by the end of the stimulation procedure, both groups were experiencing similar stimulation-induced sensations. Because the reported sensations differed between stimulation groups, we tested whether sensations might have influenced memory performance, as has been shown in our prior work (Leach et al., 2016) . To test this, we performed correlational analyses between our memory measures (recall and recognition) and the sensation ratings where the ratings significantly differed between the stimulation groups. There were no significant correlations, rs < .25, ps > .11. 6 Mean pretest and posttest mood ratings by stimulation condition are depicted in Table 3 . We analyzed these data using a 2 (Stimulation: Active vs. and was driven by higher ratings for those in the Sham (M = 1.91) than Active condition (M = 1.24). Other effects were not significant, Fs < 2.84, ps > .10. For the other dimensions (confused, sad, tense, dizzy, nauseous), no effects or interactions were significant, Fs < 2.11, ps > .16. Because this analysis revealed effects for the nervous, excited, and tired ratings, we examined whether these measures correlated with either memory measure (recall, recognition). We found no evidence that mood ratings correlated with memory, rs < .23, ps > .14.
Discussion
The principle goal of this investigation was to assess both immediate and delayed stimulation effects of the left dlPFC on associative memory as measured by recall and recognition. We have three primary findings. First, these data showed improved associative recall under active relative to sham stimulation. Second, we found that this recall advantage Note: HR = Hit rate (correctly identifying an "intact pair" at recognition); FAR = False alarm rate (calling a re-arranged pair an "intact pair" at recognition). 4 We were unable to collect day two recognition data for one participant. 5 Because it is possible that initially recalling an item could have influenced subsequent recognition for those same items, we performed an additional conditional recognition analysis focusing on only those trials not initially recalled. Results of this conditional analysis showed no evidence of a Stimulation effect or interaction, Fs < 3.1, ps > .08. These results further support the notion that stimulation did not influence recognition.
6 Because sensations differed across stimulation group, we re-analyzed the memory data using stimulation ratings as a covariate. Results of this analysis yielded the same set or results as the primary ANOVA. Most importantly, the main effect of Stimulation was still significant, F(1, 40) = 3.94, p = .05, η p 2 = .10.
E.D. Leshikar et al. Neuropsychologia 106 (2017) 390-397 was evident even after a delay of 24 h, suggesting that memory effects persist after a period of consolidation. Third, we found no evidence of stimulation-induced recognition memory change for active compared to sham stimulation. These data suggest that stimulation effects improve memory through both immediate and delayed mechanisms, but that these improvements are only evident under more stringent memory test conditions (recall not recognition). Importantly, we found these effects in a larger sample of participants than is typically obtained in tDCS studies on cognition. These results suggest that tDCS improves associative memory by enhancing the encoding of details that subsequently enable accurate recollection. In this investigation, we found evidence that a single session of tDCS during study (encoding) improved recall performance, which is in line with our predictions and previous work (Matzen et al., 2015) , and consistent with the notion that tDCS can improve memory. The results of this experiment add to accruing evidence that tDCS can improve different types of cognitive function, including memory (Coffman et al., 2014) . Interestingly, the few studies that have measured tDCS effects on recall in healthy younger adults have produced mixed results with some finding recall improvement (Balzarotti and Colombo, 2016; Jones et al., 2014) , others showing no effect (Elmer et al., 2009; Nikolin et al., 2015; Penolazzi et al., 2010) , and one showing that tDCS hurts recall (Experiment 1, Pisoni et al., 2015b) . A closer look at these studies, however, reveals they used procedures that do not allow for a straightforward interpretation of tDCS effects on recall. For example, some studies used neuropsychological memory assessments (such as the California Verbal Learning Test, etc.) in which studied items are presented up to five times before a final recall test (Elmer et al., 2009; Jones et al., 2014; Nikolin et al., 2015) that can lead to ceiling effects. Other studies measured recall by asking participants to write descriptions of studied complex visual pictures (Balzarotti and Colombo, 2016; Penolazzi et al., 2010) , which is not a straightforward measure of recall. Of all the studies of tDCS effects on recall, there are only two studies that have used more pure measures of recall, and in both cases these investigations found clear evidence that active tDCS improved recall relative to sham (Matzen et al., 2015; Meinzer et al., 2013) . Our findings, taken with these two previous studies, suggest that tDCS at study improves the memory representation of encoded materials allowing for improved subsequent recollection relative to sham. Improving memory is an important area of investigation (Jennings et al., 2005; Duarte, 2012, 2014; Leshikar and Gutchess, 2015; McCurdy et al., 2017) , and the results of this study highlight that tDCS can be used to improve associative memory.
Interestingly, one limitation of our prior study (Matzen et al., 2015) showing tDCS improvements on recall, was that we presented the recognition test before recall. With that procedure, it is possible that the recognition test could have influenced performance on recall. In this study, we showed that stimulation-induced recall improvements were evident when recall was completed first. The fact that these effects appeared in the associative recall test, but not the recognition test, further suggests that stimulation effects promote associative memory by enhancing the encoding of details that lead to subsequent recollection success. Decades of work has demonstrated the importance of recollection processes in memory performance (Yonelinas, 2002) , and our current findings suggest a memory mechanism through which tDCS improves performance-specifically by enhancing recollection. Indeed recent work shows that recollection processes are promoted under stimulation (Gray et al., 2015) .
In contrast to recall, we found no evidence that tDCS influenced recognition, which is consistent with our prior work (Matzen et al., 2015) . Previous studies using recognition have produced mixed results with some finding evidence of recognition support (Boggio et al., 2009; Chi et al., 2010; Gray et al., 2015; Jacobson et al., 2012; Pergolizzi and Chua, 2016; Pisoni et al., 2015a) , whereas others have not (Chen et al., 2016; Hammer et al., 2011; Matzen et al., 2015; Pergolizzi and Chua, 2015; Zwissler et al., 2014) . Although null effects should be approached cautiously, it may be that tDCS effects on recognition are smaller in magnitude and thus harder to detect. Indeed, recent work suggests that tDCS effects on memory are typically only apparent under more demanding memory test procedures such as recollection (Gray et al., 2015) , versus easier tests such as recognition. Our findings are consistent with this idea.
Our prior work showed that tDCS applied over the left IFG improved memory for face-name associations (Matzen et al., 2015) , but here we extend that work in a larger sample of participants and show that associative memory is improved when a different prefrontal region, the Participants reported stimulation-induced sensation on a 1-10 scale (1 = very mild; 10 = very severe). * Difference between active and sham groups significant at p < .05. Notes: Participants responded using a 0-5 scale (0 = not at all, strongly disagree; 5 = very much so, strongly agree); Pre = Prestimulation; Post = Poststimulation.
E.D. Leshikar et al. Neuropsychologia 106 (2017) 390-397 dlPFC, is stimulated. Prior work suggesting that dlPFC is important in associative memory has largely come from fMRI studies (Blumenfeld et al., 2011) . Although informative, fMRI evidence has the limitation that it is correlational in nature. Effects attributable to tDCS, however, allow for stronger causal relationships between brain function and performance to be inferred. Thus, the findings of this study provide support that dlPFC is important in associative memory. Further, because prior work has demonstrated that tDCS can increase connectivity between regions involved in a cognitive task (Hampstead et al., 2014; Hunter et al., 2015; Sehm et al., 2013) , it may be that in our study stimulation strengthened the connection between regions of the brain that are important in associative memory formation such as the dlPFC and the hippocampus. Although speculative, given the important role that the hippocampus plays in associative memory, it is possible that the memory effects we saw in this study were driven by increased connectivity between the dlPFC and the hippocampus. Further work will be necessary to test this directly.
In this investigation, we saw clear evidence that active tDCS improved recollection compared to sham. We see two possible reasons why tDCS to dlPFC improved recollection. One reason is tied to the role dlPFC plays at study and the other reason is linked to the role dlPFC plays during retrieval. First, evidence suggests that dlPFC plays a role in associative encoding (Blumenfeld et al., 2011; Murray and Ranganath, 2007) . Specifically, dlPFC is thought to play an important role in building relationships between simultaneously presented items at the time of study, which in turns leads to enhanced associative memory performance. Given that the study task we used focused attention on the relationship between the face and name ("does this name fit this face?"), it is likely that stimulation of dlPFC at study influenced the relational processing between the face and name, which improved subsequent recollection. A second possible reason for improved recollection under active tDCS is yoked to the role that dlPFC plays at retrieval. Abundant evidence suggests dlPFC is important in the strategic (or controlled) search through the contents of memory when making memory decisions. Although retrieval was not stimulated in our study, it may be that active stimulation led to carryover effects on the dlPFC that lingered into the retrieval session. Such carryover effects could have influenced function of the dlPFC, which in turn enhanced the strategic search through the contents of memory enabling improved recollection. Importantly, these two possible stimulation effects on dlPFC in support of recall (online effects of processing item relations at study; offline effects of strategic search through memory contents at test) are not mutually exclusive and it is possible that both played a role in recall improvement under active relative to sham stimulation. Further work will be necessary to vet these possibilities.
In this study, we also evaluated delayed effects of tDCS on associative memory. Results indicated that stimulation effects were still present after a delay of 24 h, supporting the notion that delayed effects of stimulation supported memory through a consolidation mechanism. This is important because there is emerging work trying to understand the effect of online (i.e., our immediate) versus offline effects (i.e., our delayed effects) on cognition (Stagg and Nitsche, 2011) . Indeed, recent work has argued that delayed effects of tDCS on memory (and learning) are as strong as online effects (Au et al., 2017) . Our finding of delayed effects of stimulation on associative memory is consistent with one prior study that found memory improvement through offline effects of stimulation (Flöel et al., 2012) . Although our data support a consolidation mechanism, it is still unclear whether these effects were driven by the strengthening of memory representations during the consolidation period, or through the slowing of decay (forgetting). We do note, however, that it is possible that the memory effects on day two could be due to testing on day one (and not necessarily because of stimulation). Specifically, it is possible that the act of recalling an item on day one could have strengthened the representation of those items (i.e., retrieval practice effect). We see this as less likely though, because any such retrieval practice effects would have been evident in both the active and sham stimulation conditions, thus any memory benefits evident on day two are attributable to stimulation. Future work will be necessary to understand how the delayed effects of stimulation influence memory consolidation. Interestingly, the procedure that we used (testing memory on day one and two) is similar to a procedure used to measure the testing effect (Roediger III and Karpicke, 2006) , and thus our finding of memory improvement on day two suggests that stimulation may interact with the testing effect. Specifically, our data suggest that stimulation may magnifying memory improvement from the testing effect procedure. In addition, the design of our experiment also allowed us to compare immediate versus delayed effects of stimulation on memory to see if memory effects were larger for one type of effect versus the other (immediate versus delayed). Specifically, we examined whether memory improvements were substantially larger on day two relative to day one (or the reverse) for active compared to sham stimulation. We did not see evidence for such an effect, suggesting that immediate stimulation effects on memory were no larger or smaller than delayed effects (or the reverse). This further suggests that active stimulation has both immediate and delayed effects on associative memory performance. Specifically, it may be that immediate stimulation effects at the time of encoding enable ensembles of neurons to better encode the simultaneous presentation of stimuli (e.g., face-name pairs), but also that delayed stimulation effects improve memory through consolidation processes important for long-term memory formation.
We also investigated stimulation effects for face-name pairs presented once versus twice to examine whether tDCS effects are larger for trials presented more than once. There is the prevailing view in the brain stimulation literature that longer duration of stimulation (e.g., "more" stimulation) leads to larger behavioral effects (Nitsche and Paulus, 2000; Nitsche et al., 2004) . If this principle is correct, then memory for trials presented twice should be larger than trials presented once under active relative to sham stimulation, since trials presented twice were stimulated "more." Our design also allowed us to test an alternate prediction: that stimulation effects would be larger for items presented once relative to twice under active compared to sham stimulation, which is in line with limited work showing that stimulation effects on behavior are largest in conditions where performance is lower (versus higher; Liang et al., 2014; Tseng et al., 2012; Zimerman et al., 2013) . We found no evidence in support of either outcome in recall or recognition. Perhaps one reason we did not see support for the first prediction (i.e., larger memory improvement for items presented twice versus once) may be due to carryover effects of stimulation during retrieval. Specifically, since items presented once are more difficult to retrieve, it is possible that carryover effects of stimulation during retrieval could have especially improved memory for items presented once (compared to twice). Thus, any possible memory improvement for items presented twice (i.e., enhanced encoding from "more" stimulation), might have been countered by enhanced retrieval of the harder to remember items (i.e., items presented once). Further work will be needed to disentangle these possibilities. As expected, we did show the typical effect of presentation driven by better memory for trials presented twice, but this effect was not moderated by stimulation. To our knowledge, this is the first memory study to manipulate presentation under stimulation, so further work in this area is needed to follow up this initial finding.
In this investigation, we found compelling evidence that tDCS improves recall. There are a few limitations to this study, however, that are worth noting. First, we used a procedure where recall always came before recognition. Although this procedure has been used by other tDCS investigations (Meinzer et al., 2013) , it is possible that the recall test could have influenced recognition. For instance, because all faces were shown at recall and then again at recognition, it is possible the recognition test could have been unusually challenging because each face would have been especially familiar. Perhaps this is one reason we did not see any stimulation induced recognition effects. Second, we saw evidence of improved recall both immediately after stimulation (day one) and after a delay of 24 h (day two), which we interpret as evidence for stimulation induced consolidation, although it is possible that these effects were due to retrieval practice effects from the memory test on day one. It is worth noting our primary finding that tDCS improves recall withstands these limitations. Importantly, a closer inspection of recall performance on day one, which was the first memory test and thus not confounded by prior testing, also showed stimulation induced recall effects for active versus sham stimulation, which is in line with our primary interpretation that tDCS improves recall.
Overall, these data build on prior work to show that tDCS can improve recollection through both immediate and delayed effects of stimulation. Although we did not find evidence that tDCS improved performance on a recognition test, we did see memory improvement when we assessed recall, suggesting that tDCS supports memory through enhancing memory representations that enable subsequent recollection. This work is part of larger body of evidence that shows that tDCS can improve various aspects of cognition, including memory.
